Summary
Recent findings have indicated that tyrosine kinase inhibitors (TKIs) targeting the ERBB receptor family display anti-leukaemic effects despite the lack of receptor expression on human leukemic cells. The occurrence of activating mutations in the gene encoding FMS-like tyrosine kinase 3 (FLT3) in patients with acute myeloid leukaemia (AML) has rendered inhibition of this receptor a promising therapeutic target. Due to possibility of cross-reactivity, we have investigated the effect of the irreversible pan-ERBB inhibitor canertinib (CI-1033) on leukemic cells expressing FLT3. The drug had anti-proliferative and apoptotic effects on primary AML cells and human leukaemic cell lines expressing mutated FLT3. In several AML patient samples, a blast cell population expressing FLT3-ITD was eradicated by canertinib. Canertinib inhibited receptor autophosphorylation and kinase activity of both mutated and FLT3 ligand stimulated wildtype FLT3, leading to inhibition of the PI3-kinase and MAP kinase pathways. Apoptotic induction was dependent on pro-apoptotic BH3-only protein BCL2L11/BIM since RNAi silencing attenuated apoptosis. Moreover, the drug induced regression of cells expressing FLT3-ITD in a murine in vivo-transplantation model at previously described tolerated doses. These results indicate that canertinib as an irreversible TKI could constitute a novel treatment regimen in patients with mutated or overexpressed FLT3.
Introduction
Despite a remarkable progress in understanding the pathogenesis of acute myelogenous leukaemia (AML), cytarabine and anthracyclins are still cornerstones of therapy. The effectiveness is limited however due to resistance, and relapse is a major cause of treatment failure. To develop novel strategies much focus has been on defining protein kinases as critical components of signal transduction in leukaemic cells. Activating mutations in the FMS-like tyrosine kinase 3 (FLT3) gene are recognized as one the most common mutations found in AML, and are detected in approximately one-third of the patients. The majority are internal tandem duplication (ITD) mutations associated with an increased relapse rate and decreased overall survival in response to standard chemotherapy. Activation loop point mutations in one of the tyrosine kinase domains (TKD) have also been found. Both classes of mutations lead to constitutive activation of signalling molecules including PI3-kinase and RAS signalling, and growth factor-independent growth. FLT3-ITDs induce a lethal myeloproliferative disease in murine bone marrow transplantation models , Lee, et al 2005 , Li, et al 2008 .
Due to the frequent occurrence of FLT3 mutations, and overexpression of wildtype FLT3 in many patients with AML or acute lymphoblastic leukaemia (ALL), tyrosine kinase inhibitors (TKI) with blocking effects of FLT3 signalling have developed as an attractive therapeutical approach (Kindler, et al 2010) . Some TKIs display strong in vitro efficacy on transformed FLT3-ITD expressing cell lines and primary AML cells, and eradicate FLT3-ITD-expressing cells in animal models. However, the effectiveness is limited and some patients display primary or secondary resistance to the inhibitors. Therefore, development of novel TKIs targeting FLT3 more efficiently and/or inhibiting alternative pathways is valid to enable long-term therapeutic benefits.
Most kinase inhibitors in clinical development target the kinase ATP site and there is a possibility of cross-reactivity between compounds (Fabian et al, 2005) . One group of anticancer targets is the ERBB or epidermal growth factor (EGF) protein family of four structurally related (ERBB1-4) receptor tyrosine kinases, known to play significant roles in human cancer cell proliferation (Rocha-Lima, et al 2007) . The potential of ERBB inhibitors for AML therapy has been explored in recent studies. Gefitinib (Iressa™, ZD1839), investigated in clinical trials for advanced or metastatic non-small-cell lung cancer (NSCLC), has been shown to impair the viability of AML patient cells in vitro and to induce differentiation of human HL-60 and U-937 leukaemic cell lines (Stegmaier, et al 2005) . Since these cells lack ERBB receptor expression, gefitinib appears to act on off-targets. Recently, the ERBB1/EGFR-inhibitor erlotinib was shown to have activity on AML cell lines and cells from patients with myelodysplastic syndrome (Boehrer, et al 2008 , Slichenmyer, et al 2001 , Smaill, et al 2000 . Although erlotinib was unable to induce cell death of HL-60 and U-937, differentiation and killing of the KG-1 cell line was triggered. While the authors were unable to explain erlotinib-induced cell death, an association to JAK2/STAT5 was suggested.
Canertinib (CI-1033) is a quinazoline-based novel member of the ERBB inhibitors that, in contrast to gefitinib and erlotinib, irreversibly inhibits all members of the family by covalently binding to cysteine residues in the kinase domains. This results in prolonged inhibition of ATP-binding, preventing its catalytic activity and downstream signalling (Slichenmyer et al, 2001; Smaill et al, 2000) . Canertinib has shown promise in blocking tumor growth for breast cancer, ovarian cancer, esophageal cancer, and advanced non-small cell lung cancer, either as single therapy, or when used in combination with DNA-damaging agents (Ako, et al 2007 , Campos, et al 2005 , Janne, et al 2007 , Ocana and Amir 2009 ), but has not been in clinical trials of human leukaemic patients. Recently, we reported that canertinib has anti-leukaemic effects on some leukaemic cell lines in an ERBB-independent manner (Trinks, et al 2010) . We now extend our findings and demonstrate that canertinib has an inhibiting selectivity in cells expressing FLT3-ITD or FLT3-TKD as well as cells with 
Materials and Methods

Reagents, cytokines, and antibodies
AG1295 and camptothecin were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Canertinib (CI-1033) was a gift from Pfizer Pharmaceuticals (Ann Arbor, MI, USA).
Inhibitors were dissolved in dimethyl sulfoxide (DMSO) and stored at -20°C. Recombinant cytokines were purchased from PeproTech (London, UK L-glutamine, 1 % penicillin-streptomycin, and 5 ng/ml human GM-CSF at 37°C in 5% CO 2 .
FDC-P1 cells were cultured in the same medium supplemented with an IL-3 containing supernatant. All other cell lines were cultured in RPMI-1640 (PAA) with 10% FBS, 2 mM Lglutamine, and 1 % penicillin-streptomycin at 37°C in 5% CO 2 .
Patient samples
The (Nordigården, et al 2009) . FLT3 expression was confirmed by flow cytometry.
Detection of apoptosis
Cells were labeled with Annexin V-FITC (BD Biosciences, San Jose, CA) and 5 μg/mL propidium iodide (Sigma), and analyzed using a FACS Canto and Diva software (BD Biosciences).
Assessment of proliferation
Cells were cultured in triplicates on 96-well tissue culture plates for 48 hours. At the end of the experiment, cultures were labelled for 4 hours with 0.5 µCi/well [ 3 H]-thymidine, harvested and counted in a β-scintillation counter. Sensitivity to canertinib was also assessed by the MTT assay as previously described (Green, et al 2003) . IC 50 values for cell survival were calculated as percent of survival compared to control cells.
Immunoprecipitations and immunoblotting
For immunoprecipitations, lysates were precleared with protein A sepharose (GE Healthcare)
for 1 hour at 4°C followed by incubation overnight at 4°C with the indicated antibody.
Immunocomplexes were captured with protein A sepharose. Following eletrophoresis and transfer to polyvinylidene fluoride membranes (Invitrogen), immunoblotting was performed with primary antibody overnight at 4°C and HRP-coupled secondary antibody for 1 hour.
Blots were visualized by chemiluminescence (ECL, GE Healthcare).
In vitro-kinase assay
Ba/F3 cells expressing wildtype FLT3 were starved in cytokine-deprived medium overnight.
One hour before stimulation with 50 ng/mL FL at 37°C for 15 minutes, canertinib was added (0.1-10 μM). In the case of Ba/F3 cells expressing FLT3-ITD or FLT3-D835Y, cells were treated the same way but not stimulated with FL. Cell lysis and immunopreciptations were performed using an anti-human FLT3 serum. FLT3 kinase activity was assayed using myelin basic protein (Sigma) as a substrate. The amount of radioactivity incorporated into MBP was assayed using autoradiogram.
Gene silencing with small interfering RNAs (siRNAs)
Silencing of BCL2L11/BIM was performed by transfection of SMARTpool siRNAs (Dharmacon Research Inc., Lafayette, CO) into FDC-P1/FLT3-ITD cells as previously described (Nordigården, et al 2009) .
Realtime polymerase chain reaction (PCR)
Total RNA was isolated using the RNeasy mini kit (Qiagen, Hilden, Germany) and cDNA was synthesized with SuperScript III and random hexamers (Invitrogen). Real-time quantitative PCR (qPCR) reactions were performed in triplicates with BCL2L11/BIM-specific primers as previously described (Nordigården, et al 2009) . Relative expression was calculated using the 2 -∆∆Ct method.
Chromatin immunoprecipitation (ChIP) assays
ChIP assays and qPCR were performed as previously described (Nordigården, et al 2009) with a rabbit polyclonal anti-human FOXO3a antiserum (provided by Dr. E. Lam, London) and primers to the Forkhead response element (FHRE) region in the murine BCL2L11/BIM promotor.
In vivo experiments
All animal experiments were conducted at the Linköping University animal facility in line with Swedish legal regulations and with permission from Linköping animal ethical committee. FDC-P1 cells (2x10 6 ) transduced with retrovirus expressing FLT3-ITD and enhanced yellow fluorescence protein (EYFP) were injected into the tail vein of syngenic DBA/2 mice in 0.2 mL PBS per mouse. Seven days later, the level of engraftment was analysed by flow cytometry on peripheral blood samples collected by lateral-tail vein bleeding. Treatment was initiated on day 9 by intraperitoneal injections of 0.5 mL of canertinib (40 mg/kg/day or 80 mg/kg/day) in PBS and continued for four consecutive days (day 10-13). On day 14, the experiment was terminated and a new blood sample was taken to determine the engraftment after treatment. Mice were then sacrificed and spleen weights were recorded.
Statistical analysis
Statistical analysis was performed using the Student t test and p values of less than 0.05 were considered statistically significant.
Results
Canertinib causes apoptosis of AML blasts primarily from patients harbouring FLT3-ITD
We recently demonstrated the anti-proliferative and apoptotic effects of the pan-ERBB inhibitor canertinib at high doses (>5 μM) in human leukaemic cell lines HL-60 and U-937 not expressing ERBB receptors (Trinks, et al 2010) . These findings promoted us to investigate the in vitro-effects of canertinib in a panel of de novo-diagnosed AML patient samples. We first decided to determine the effects of canertinib on mononuclear cells from ten 
Canertinib induces apoptosis in human leukaemic cell lines expressing mutated FLT3
Due to the results that canertinib had certain selectivity to FLT3-ITD, we next tested its cytostatic effects on human leukaemic cell lines expressing either FLT3-ITD or wildtype FLT3. Canertinib induced apoptosis at 0.3 μM in MV4;11, expressing a mutated FLT3-ITD allele (Quentmeier, et al 2003) , and in MonoMac-6, carrying an activated FLT3-V592A mutation (Spiekermann, et al 2003) , whereas cell lines expressing wildtype FLT3 (THP-1, NB4, and RS4;11) died only at significantly higher concentrations ( Figure 3A) . Within 6 hours of treatment with 1 μM canertinib, the levels of fragments of cleaved caspase-3 (17/19/20 kDa) and the 86-kDa fragment of cleaved poly (ADP-ribose) polymerase (PARP)
as characteristic signs of apoptosis increased ( Figure 3B ). Western blot analysis confirmed that ERBB expression was absent in the cell lines (data not shown). Data are mean ± SD from three experiments performed in duplicates. (E) FDC-P1 cells expressing FLT3 were stimulated with FL and analysed for apoptosis after addition of increasing concentrations of canertinib (striped squares). FDC-P1/FLT3-ITD cells were tested without cytokine (white squares). Numbers of apoptotic cells were analysed after 48 hours by flow cytometry by Annexin V-PI staining. (F) FDC-P1/FLT3 cells stimulated with FL (50 ng/ml; striped squares), SCF (100 ng/ml; grey squares), or IL-3 (10 ng/ml; black squares) with increasing concentrations of canertinib. Forty-eight hours later, cells were analysed for apoptotic cells by flow cytometry. IC 50 -value for sensitivity to canertinib of FDC-P1/FLT3 cells stimulated with either FL, SCF, or IL-3 as estimated by MTT assays performed in triplicates for 72 hours by titration of canertinib (0.01-10 μM). Results are presented as mean ± SD (n=3).
Canertinib induces cell cycle block and apoptosis in hematopoietic progenitor cells expressing either wild-type or FLT3-ITD
By using mouse FDC-P1 progenitor cells expressing FLT3 or FLT3-ITD we could confirm canertinib´s inhibiting activity. At low concentrations, a 50% reduction of proliferation of FDC-P1/FLT3-ITD cells was seen at 0.8 μM, whereas FDC-P1 cells stimulated with IL-3 were affected only at higher concentrations ( Figure 3C Figure 3F ). The results therefore suggest that cells expressing activated FLT3 are significantly more sensitive to canertinib inhibition.
Canertinib inhibits FLT3 autophosphorylation and downstream targets AKT and ERK
To further clarify the selectivity of canertinib, we analysed receptor autophosphorylation in Ba/F3 cells expressing FLT3, FLT3-ITD, or FLT3-TKD/D835Y. Canertinib inhibited both FLT3 ligand-induced and constitutive receptor tyrosine phosphorylation in a dose-dependent manner. Inhibition was apparent at concentrations >2.5 μM ( Figure 4A) . A simultaneous decrease in kinase activity of FLT3 receptor was seen in all three cell lines when tested for phosphorylation of myelin basic protein as an in vitro target ( Figure 4A ). Treatment with canertinib for 1 hour led to dose-dependent dephosphorylation of both AKT and ERK1/2 in the three cell lines at 0.6-1.2 μM ( Figure 4B ). In contrast, when parental Ba/F3 cells were stimulated with IL-3, both AKT and ERK1/2 remained phosphorylated even at 10 μM of canertinib treatment for 1 hour, although a tendency to less phosphorylated ERK1/2 was seen ( Figure 4C ). 
Apoptosis induced by canertinib involves downregulation of phosphorylated FOXO3a and accumulation of proapoptotic BCL2L11/BIM
FOXO3a is a downstream target of AKT, and is phosphorylated and inactivated by FLT3 signalling (Jönsson, et al 2004 , Scheijen, et al 2004 . We therefore investigated whether FOXO3a was activated by canertinib treatment. FDC-P1/FLT3-ITD cells treated with increasing concentrations of canertinib displayed dose-dependent FOXO3a dephosphorylation at concentrations above 0.6 μM ( Figure 5A ).
The BH3-only protein gene BCL2L11 (also BIM) is a transcriptional target of dephosphorylated FOXO3, which is known to initiate apoptosis (Dijkers, et al 2000 , Essafi, et al 2005 and is upregulated in FLT3-ITD cells treated with FLT3 selective inhibitors (Nordigården, et al 2009) . In addition, previous reports have described the ability of ERBB1 inhibitors such as erlotinib and gefinitib to execute apoptosis via BCL2L11 (Costa, et al 2007 , Cragg, et al 2007 , Gong, et al 2007 . We first tested if introduction of FLT3-ITD could prevent BCL2L11 induction in cytokine-deprived FDC-P1 cells. As shown in Figure 5B , BCL2L11 was induced when FDC-P1 cells were starved of IL-3, and this induction was prevented by FLT3-ITD. Inhibition of FLT3-ITD phosphorylation by canertinib treatment led to strong induction of BCL2L11 ( Figure 5B ), indicating that activation of BCL2L11 is a potential mechanism by which canertinib executes apoptosis. In agreement with this notion, we could demonstrate upregulation of BCL2L11 RNA expression by quantitative PCR in MV4;11 cells treated with canertinib, whereas BCL2L11 was induced to a lesser degree in FLT3-wildtype THP-1 cells ( Figure 5C ). By gene silencing experiments, we established that BCL2L11 was required for canertinib-mediated apoptosis. Thus, the number of viable FDC-P1/FLT3-ITD cells ( Figure 5D ) increased to 60.0±10.9% (p < 0.001) with BCL2L11 siRNA compared to 27.8±11.6% in cells with control siRNA and treated with 1 μM canertinib or 5 μM of AG1295, previously shown to inhibit FLT3 (Levis, et al 2001) . Because FOXO3a 8-fold increase in activity (p < 0.01) compared to untreated cells was seen ( Figure 3E ).
Canertinib induces regression of intravenously injected FLT3-ITD cells in mice
To evaluate the in vivo anti-leukaemic activity of canertinib, 2x10
6 FDC-P1 cells expressing FLT3-ITD were injected intravenously into syngenic DBA/2 mice according to the scheme in Figure 6A . We used a retroviral vector containing the same FLT3-ITD as in the previous experiments but EYFP as a marker to enable detection in peripheral blood of mice (Bagrintseva, et al 2005) . 
Discussion
Recent studies have demonstrated that TKI such as gefitinib and erlotinib, selectively inhibiting the ERBB1/EGF receptor, have anti-proliferative effects in an ERBB receptorindependent manner on leukaemic cell lines in the micromolar range (5-10 μM) (Boehrer, et al 2008 , Stegmaier, et al 2005 . We have reported on similar results with the pan-ERBB inhibitor canertinib, in which treatment with 2 μM canertinib promoted cell cycle arrest of the human leukaemic cell lines HL-60 and U-937, whereas doses of 5 μM or more induced apoptosis (Trinks, et al 2010) . In this study, we demonstrate that at lower concentrations (0.1- expression by a FOXO3a-dependent mechanism (Brandts, et al 2005 , Kuribara, et al 2004 , Scheijen, et al 2004 . Moreover, the BCR-ABL1-selective drug imatinib elicits apoptotic responses via BCL2L11 (Essafi, et al 2005) , similar to apoptosis induced by the selective FLT3 inhibitor PKC412 (Nordigården et al, 2009) . Several recent studies also suggest that BCL2L11 executes apoptosis of solid tumor cells treated with ERBB1/EGF inhibitors (Costa, et al 2007 , Cragg, et al 2007 , Gong, et al 2007 . Our results that RNAi-mediated BCL2L11 knockdown protects FDC-P1/FLT3-ITD cells from apoptosis, and that FOXO3a binds directly to the BCL2L11 promotor upon canertinib-treatment, provide one possible mechanistic insight to how canertinib is executing its cytotoxic effects in leukaemic cells expressing FLT3. This is to our knowledge the first study demonstrating the mechanism by which an ERBB inhibitor causes apoptosis of leukaemic cells and examplifies that a selective blocking agents developed to target a specific group of receptors may be useful for treatment of other pathways. Since canertinib is a pan-ErbB inhibitor acting on all members of the family and not only ERBB1/EGFR, it is likely to display a wider inhibition. In addition, covalent binding of canertinib to specific cysteines in the kinase domain results in irreversible suppression of ATP-binding and catalytic activity (Slichenmyer et al, 2001; Smaill et al, 2000) , features that may provide canertinib with a therapeutic advantage relative to other inhibitors. It is possible that canertinib displays a similar effect on FLT3 by binding to important cysteine residues in the two kinase domains of the FLT3 receptor, for instance Cys-694 in the ATP-binding site (Mahboobi, et al 2006) .
Compared to some other FLT3 inhibitors canertinib appears to exert its effects at higher concentrations. The micromolar range of canertinib necessary to reach a decrease of viability of primary AML blasts varied between patient samples and was significantly higher than the doses used for cell lines (0.3-1.2 μM versus 5-20 μM). This is not surprising, however, due to the heterogeneous nature of the disease. Previous studies with other FLT3 kinase inhibitors, e.g., CEP701 and PKC412/midostaurin, have shown that the cytotoxic response in vitro varies between AML blast samples and occurs at higher drug concentrations than in FLT3-transformed cell lines (Knapper, et al 2006) . PKC412 inhibits the proliferation of Ba/F3-FLT3-ITD cells with an IC 50 of less than 10 nM and displays potent inhibition of FLT3 tyrosine autophosphorylation with 0.01-1 μM. Using a tyrosine kinase inhibition assay, PKC412 was demonstrated to have an IC 50 of approximately 0.5 μM (Weisberg, et al 2002) .
When applied on primary AML cells, even higher concentrations were needed to inhibit growth. In bone marrow transplantation assays, PKC412 at 100 mg/kg exerted antitumor effects. This is similar to the dose at 80 mg/kg by which canertinib in our study eradicated FLT3-ITD-transformed FDC-P1 cells in peripheral blood of syngenic mice.
Recent clinical trials suggest that many cancer patients can benefit from ERBBtargeted agents. While side effects such as skin rashes and diarrhea are found in some patients assigned to canertinib-treatment, haematological parameters are seldom affected and limited to a certain degree of thrombocytopenia in some patients (Janne, et al 2007 , Zinner, et al 2007 . Thus, the effects of canertinib on leukaemic cell lines and primary AML samples presented here are promising with respect to this drug as an anti-leukaemic regimen.
Moreover, the ability of canertinib to inhibit both mutated FLT3 and ligand-stimulated wildtype FLT3 may provide an advantage for treatment of leukaemia patients overexpressing non-mutated FLT3. It has been shown that canertinib is less specific for the ERBB family than previously concluded (Fabian, et al 2005) . The specificity profile of canertinib against a large panel of kinases demonstrated that the drug is among the more promiscuous compounds.
Therefore it is not surprising that canertinib was not truly selective for FLT3 and also inhibited c-KIT signaling, although at significantly higher concentrations. In addition, we have recently found that canertinib inhibits other tyrosine kinases such as LCK and ZAP70 associated to the T-cell receptor complex (Trinks, et al 2011) . This adds the possibility that canertinib besides some degree of FLT3 selectivity could also act by kinase multi-targeting, providing the drug with further therapeutic advantages.
If targeted therapy will prove possible with canertinib in AML patients, combining the drug with other small molecules could suppress the disease more efficiently. It will also be of interest to study if canertinib can overcome resistance to FLT3-selective drugs in AML cells in an equivalent manner as its ability to inhibit tumor cells resistant to gefinitib or erlotinib (Steeghs, et al 2007 , Wang, et al 2006 , thereby offering an alternative rationale for future AML treatment.
